Background: The challenge of lack of access to electricity especially in the rural areas of Nigeria is further compounded by the lack of cogent electrification plans. A fairly reasonable electrification plan should be able to model least-cost electrification technologies to be employed and give an estimate of investments required over a given period of time. The 2012 United Nation's declaration of 'International Year of Sustainable Energy for All' highlights the importance of such studies and innovations, towards attracting funds from various sources for sustainable electrification projects.
Background
Despite the importance and contributions of electricity to every facet of human endeavour such as health, education, agriculture and households, access to it remains elusive in most parts of the developing world [1] . The most widely quoted figure for those people living in developing countries without access to electricity services is estimated to be over 1.3 billion [2] , 85% of them reside in rural areas of Asia and Sub-Saharan Africa. According to the International Energy Agency (IEA) [3] , SubSaharan Africa only has an electrification rate of 32% and, if no concerted efforts and policies are put in place immediately, it is feared that in 2030, the number of people without access to electricity will only slightly drop to 1.2 billion as projected in 2030 by IEA [4] .
Majority of those lacking access to energy (70%) reside in just a handful of countries including Nigeria, where the rural population is the most affected [5] . Data provided by IEA [3] shows that Nigeria, who ranks seventh in world population, cannot provide access to electricity to an estimated 85 million people in both the urban and rural areas, which accounts for 42% of her population in 2013. Sub-Saharan Africa also accounts for the 10 least electrified countries in the world, even though the South Asian region has the highest number of population without access to electricity.
The Social-Economic survey conducted by the National Bureau of Statistics [6] provides some information about the percentage distribution of households by states and various sources of electricity supply in Nigeria in 2009 . Data from the survey shows that an average of 35.3% a of households lacked access to electricity that year. The survey also shows that the use of renewable energy (especially solar energy) for rural electrification is yet to be taken seriously, as there is near absence of solar electricity in Nigeria in the survey year as well as the low rural electrification rate provided.
The NBS survey shows that almost 50% of the states in Nigeria have more than 50% of people without access to electricity, which brings to fore the challenge of lack of electricity access in various parts of Nigeria [7, 8] . Private generators are also observed to be playing an increasingly important role in the electricity supply mix of Nigeria especially for the rich, as the number of private generators used to supplement Power Holding Company of Nigeria (PHCN) supply rose from 5.8% in 2007 to 7.6% in 2009 [6] .
It is also evident from the survey that while the challenge of lack of electricity supply is prevalent across Nigeria, the Northern part of the country suffers more. The highest number of households without access to any form of electricity supply in 2009 was recorded in Taraba state (Northeast Nigeria) and put at 81.3%. Lagos state (Southwest Nigeria) on the other hand recorded the smallest percentage of households without access to electricity at 6.1%.
Electricity generation and distribution have now been privatized in Nigeria. Thus, electricity expansion plans are focused on areas already covered by the grid or close to the grid, based on the business plans of the distribution companies. This makes electricity access to rural areas slow and creates a mix-up as to how to proceed with rural electrification [9] .
Although the Nigerian Rural Electrification Agency (NREA) was created to bridge the gap, it currently lacks any spatial electricity planning study that gives a detailed analysis of which mode of electricity supply (grid, minigrid and off-grid) to be used in different parts of Nigeria, as well as costs of expanding access to all areas currently without access. This has affected electrification expansion planning and prioritization. This paper fills this gap through a detailed spatial electricity planning and costing model using the Network Planner (NP) model, which is the first attempt at spatial electricity planning in Nigeria.
The two questions underpinning this study are as follows:
1. What combination of grid, mini-grid and off-grid electricity supply options should Nigeria adopt in providing universal electricity access to her diverse rural areas by 2030? 2. What is the investment requirement towards achieving universal electrification in Nigeria by 2030?
The NP model used data from the 774 local government areas (LGAs) of Nigeria to answer the aforementioned questions. The model was applied at the national level as well as analysed at the disaggregated state levels, for each of the 36 states of Nigeria and the capital city Abuja. A sensitivity analysis of base results was also carried out to see the effects of changes in household demand, diesel prices and solar panels.
The paper is organized as follows: the second section describes the Network Planner model and its application in Nigeria; the Results and discussion section presents the results and analysis; the Sensitivity analysis section provides some sensitivity analysis, while the Conclusions section concludes the paper.
Methods

Model description and application in Nigeria
The Network Planner (NP) b model is a decision support tool that determines the least-cost technology -either grid electrification or an off-grid alternative -to connect each population centre, which is referred to as a demand node c in this research. The NP model uses data on electricity costs and demand, population and other socio-economic data to estimate detailed cost projections for three electrification technology options: (a) off-grid (solar PV panel supported by small diesel generator for production use), (b) mini-grid (solely on diesel generator) and (c) grid electrification (internal grid plus external connection to the existing grid network). The NP model then recommends the most viable and optimal cost-effective option for electrifying an area within a fixed time horizon. This enables planners to have an insight into areas that grid expansion is more viable option and where other decentralized options offer the cost-optimized alternatives for electrification purposes.
The model also combines a Geographic Information System (GIS) tool to execute spatial processing and investigation, using relevant population and geospatial data, and algorithmically creates a detailed, cost-optimized electricity proposal, including a map of the estimated grid extension, areas to use off-grid technologies, and other associated costs. Based on available data, the model can generate results at any geographical scale -national, state or local levels.
In order to obtain a reasonable estimate of the total cost given the vastness of the Nigerian landmass, diversity of physical terrain, diversity of climatic conditions and unavailability of community-based data, we simplify the number of demand nodes from thousands of rural communities/villages to all the 774 LGAs in the 36 states of Nigeria where access to electricity is lacking with an inherent assumption that the heterogeneity of communities in a particular local government area will be minimal. This allows for the use of available demographic and socio-economic data that are available at the LGA levels.
Results derived from the 'NP model' can be implanted on a map to show various areas with their proposed and existing grid network linking the LGAs, as well as their proposed targeted electrification. The NP model also allows for various scenario and sensitivity analysis to be performed. By changing input variables such as prices and demand, and running different scenarios, the 'NP model' enables planners to understand the effect this would have on electrification costs.
The main aim of using this model is to estimate the cost of expanding electricity access to the millions of households currently without access in Nigeria and select the least-cost technology to achieve this in different
LGAs. As noted by [10] , 'The model is not meant to replace detailed engineering analyses of grid rollout, including load-flow analysis, which would be needed as part of the implementation process, so it cannot be used as a stand-alone implementation tool'.
Other models that were initially considered for this research are HOMER Micro-optimization software and the RETScreen Model. HOMER and RETScreen work at project levels whereas NP works at regional or macro levels. The first two are for project viability analysis whereas NP is for network expansion planning. HOMER is computer optimization software used in designing micro-power systems for effective evaluation of different renewable energy and hybrid systems. HOMER does more of technical analysis and is based on life cycle costs of the system's life span. Although it allows for the modelling of grid-connected and off-grid systems, it focuses on power generation and also allows for simulation and sensitivity analysis. RETScreen on the other hand allows you decide whether or not a proposed renewable energy, energy efficiency or cogeneration projects are financially viable or not. It also allows for sensitivity and risk analysis, cost analysis and emission analysis; thus, it is biased towards renewable energy systems.
Estimation of projected population and demand
The electricity demand in each LGA is estimated using data on a number of households and household energy use in each LGA. The basic household energy demand in rural communities is for cooking, lighting, heating, water pumping, agro-related purposes and to power gadgets used in micro-enterprises [11] .
In every demand node, the increase in demand for electricity is subject to economic and/or population growth(s). Thus demand nodes with high population and high economic growth rates have higher electricity demands, and vice versa. In the same way, households in cities/towns and large settlements tend to have higher electricity demand than those in the rural areas.
Thus, taking all these factors into consideration, data for the base year (2013) urban and rural population growth rates from the NPC, population of people without access to electricity and geospatial data (latitude and longitude coordinates) of all the 774 LGAs of Nigeria are processed and uploaded into the model. In projecting the population to the final year of planning horizon (2030), the model applies various population growth rates to urban and rural areas based on the user-defined urban threshold (i.e. the value of a size of population below which a demand node is considered rural and above which it is urban).
The model then applies the population growth rate every successive year till the last year of the planning horizon, including provisions allowing for a rural community to start up with the rural growth rate and end up with the urban growth rate as its population outgrows the urban-rural threshold.
The blend of Nigeria's economic growth rate, mean household size, peak demand data, population growth rate (rural and urban) and the base year electricity unit demands of the communities is used to project the total electricity demands needed at the end of the specified time horizon.
Estimation of cost for each technology
Detailed cost components of the chosen electrification technologies such as the cost of low voltage (LV) lines, medium voltage (MV) d lines, transformers, diesel fuel per litre, diesel generators, solar panels and solar batteries, plus recurring costs, comprising operation and maintenance are required by the model. The model also needs interest rate per year to be used to determine the discounted costs for each technology option. This was combined with other cost components to estimate the projected cost of electrification for each technology choice based on the projected electricity demands at the completion of the planning time limit.
Selection of least-cost technology
Given the projected electricity demand for each demand node over the specified time horizon (2013 to 2030), the model first calculates the total costs of electrification comprising all preliminary and recurrent expenditures for the three different electrification technology alternatives.
The select three technologies are (a) off-grid which is defined as a hybrid of solar photovoltaic (PV) and diesel generator for household and productive use, respectively, (b) mini-grid which is defined as diesel generator plant with LV supply for all types of demand (productive, household, social infrastructure, etc.) and (c) grid electrification is sub-divided into two grid connections and costs groupings (internal and external) [12] . While the 'internal' grid connection involves cost of transformers, secondary MV lines, e LV lines and internal house wiring for connecting households, institutions and other structures within the demand node, the 'external' grid connection entails extending the MV lines from a transformer in the demand node to the closest MV grid network.
Subsequently, the discounted costs of the two 'stand alone' technology options, i.e. the off-grid and mini-grid, are compared, and the one with the least cost is selected. The selected stand-alone option is further compared with the discounted cost of only the internal element of grid connection costs of the demand node. If the leastcost stand-alone option has a lower cost than the internal component of the grid cost, then the grid connection is regarded as the unviable option for the demand node, and the model selects the least-cost standalone technology as the optimal electrification option.
However, if the cost of the internal grid component is lower than the least-cost stand-alone alternative, then the difference forms the budget available for the external part of the grid connection costs for such demand node. This is the MV line, which connects to the nearest grid location. By dividing this value by the cost of MV line per metre, the model obtains a key decision metric, 'MVmax' for each demand node. The MVmax, expressed in metres, denotes the maximum length of MV line which can be connected for each demand node before the cost of grid extension exceeds the cost of the leastcost stand-alone option. The metric is specific to each demand node and provides a basic estimate of how far the existing MV line network can be cost-effectively extended to reach this demand node. The household cost of connection is not considered as it is an internal cost. Lastly, the model uses geospatial algorithm to compare these MVmax values with the actual distances between the location of unconnected communities (identified by latitude and longitude coordinates) and identifies those sites with MVmax values that justify grid connection. Those communities that are selected, indicating that grid extension is the most cost-effective technology to electrify a community, are recommended for grid connection by the model; in other words, they are 'grid-compatible'. Those demand nodes beyond the MVmax values are on the other hand recommended for electrification using the least-cost stand-alone alternative.
It should be noted here that Nigeria has various energy resources (renewable and conventional) and could have easily tapped into its extensive natural resources such as biomass, hydro (mini and micro), gas, wind and biomass for this research. The choice of solar/diesel hybrid for the off-grid option and diesel generator plant for the mini-grid stems from the fact that their costs and resources are fairly well available and understood, suffice to say that the technology can be easily applied in every part of Nigeria.
Specifically, biomass gasifiers which was a technology of choice that was closely considered given the huge agricultural activities going on in rural Nigeria, had to be dropped due to its limited success from the experiences of other countries in its usage especially in India [13] and Sri Lanka [14] . Technology management and the poor quality of the product are reasons attributed to its failure [15] .
Estimation of investment cost/requirement using the NP model
It is important to point out specifically which part of this model deals with the central question of estimating the investment costs and financing requirement of rural electrification in Nigeria.
In the course of estimating the different costs of the select three technology options (off-grid, mini-grid and grid), as well as comparing them to see the least-cost/ most viable option, the Network Planner model performs a financial analysis. It does this by estimating the net present value (NPV) of the 17-year f discounted capital and maintenance costs for each technology option based on the unit costs of appropriately sized equipment.
The cost of the technology g for all cases includes installation of equipment and transportation. For grid extension, capital costs cover LV line to connect households and institutions, MV line and transformers, poles and other household equipment such as lamps and wire. However, costs do not include generation, institutional capacity building and reinforcement of the existing distribution network.
The diesel mini-grid cost structure is similar to national grid extension but includes the cost of an appropriately sized diesel generator for the demand node. Solar PV plus diesel capital costs include solar panels and batteries for domestic demand and a diesel generator for productive demand. Note that since the decentralized options are stand-alone systems of distribution, costs associated with generating electricity using solar PV and/or diesel generator are included. In the case of grid extension, generation costs are included indirectly through the cost of MV electricity purchases. Therefore, the above financial analysis performed by the model gives us a guide as to the investment costs/financing requirement of rural electrification in Nigeria.
Results and discussion
Base scenario
The following assumptions were used for the base scenario: 100% electrification rate by 2030, with 2013 being the base year; current pump price of diesel fuel per litre of US$0.96, 1,460-h operation of diesel mini-grid per year; average household demand of 330 kWh per year; a mean inter-household distance of 25 metres and a rural-urban population threshold of 20,000. All input model data were obtained in 2013 except the population data that was projected from 2006 to 2013 using a 2.8% growth rate estimate of the National Bureau of Statistics (NBS). Table 1 shows the base scenario results of the national costs of electrification in Nigeria based on the NP modelling analysis.
At the national level, an overall total cost of US$34.539 billion is estimated for the initial and yearly recurring costs for the 17-year planning period. A total number of 28.5 million households are to be electrified by 2030, which translates to an estimated 125 million people. Currently, an estimated 73 million Nigerians lack access to electricity going by the NBS figures of 2013.
The results further show that 98% h of the households currently without access are to be electrified via grid expansion, while the remaining 2% will be electrified through mini-grid technology. The average connection cost per household for grid technology is US$899, while that of the mini-grid is US$775. Recurring cost per household per year for grid technology households is US$318, while that of mini-grid is US$316 i . The system total levelized cost for the grid and mini-grid technologies are estimated at US$0.30 and US$0.47 j per kWh, respectively, over the planning period. Total length of MV and LV lines proposed under the base scenario is 12,193,060 m (12,193 km) and 711,954,700 m (711,954 km), respectively. Nigeria currently has a total transmission line of 12,337 km, which is, 5,650 km of 330 kV transmission lines and 6,687 km of 132 kV transmission lines. The implication of results from the analysis is that an additional 12,193 km of MV lines is required for 100% expansion of electricity to rural Nigeria. Unfortunately, data for the LV distribution lines in Nigeria is not available to researcher for comparison with the result derived from this research.
Overall, an average of US$2 billion dollars annually is required for the next 17 years (2013 to 2030), in order to achieve 100% penetration rate of rural electrification in Nigeria. This will provide new access to electricity for an average of 1.68 million households yearly between the planning years (2013 to 2030).
In order to get a more disaggregated result, the same process applied to get the national level result was also applied to each of the 36 states of Nigeria and the capital city of Abuja. This entailed collating data for all the local government areas of all the states and running the model for each of the states in Nigeria. Table 2 shows the base scenario results of a more disaggregated electrification cost estimates for various states in Nigeria.
From Table 2 , we observe that Kano state in the North-Western part of Nigeria and the most populous state in Nigeria according to the 2006 census have the highest number of households without electricity at 1.8 million people approximately. An average of 769,000 households in each state of the federation lack access to electricity, and the state with the least number of unelectrified households is Edo state at 106,000 households approximately.
As expected, the grid technology is the preferred and least-cost technology for rural electrification in most states, with most states going 100% grid, and averagely 95%, while the state with the least grid penetration is Imo state in South-Eastern Nigeria, with a recommended grid penetration rate of 65%. The mini-grid technology has an average of 2% in terms of households electrified, and Imo state again takes the lead as the state with the highest mini-grid recommended technology at 35%.
We also observe that while Kano state has the highest number of unelectrified households, it is not necessarily the most costly state to electrify. Borno state is the most costly grid-based state to electrify in Nigeria with an approximate cost of US$2.9 billion, while the least expensive grid-based state to electrify is Edo state at US$73 million. An average cost of US$1 billion dollars would be required to electrify each state in Nigeria. Reasons for this disparity in costs for grid based electrification for different regions can be attributed to distance of locations from existing grid infrastructure, topography and population size of different regions.
For mini-grid recommended households, Oyo state in South-West Nigeria will require an estimated US$183 million being the highest for mini-grid component of its electrification, while an average of US$35 million of mini-grid technology investment is required for electrification of various states in Nigeria, and Abia state in South-East Nigeria requires about US$6 million for its mini-grid component of rural electrification.
Taraba state which is currently the least electrified state in Nigeria requires 96% grid extension and 4% mini-grid technology for rural electrification. This translates into US $1.18 billion for grid expansion and US$39.7 million cost of mini-grid investment for rural electrification over the planning period. The levelized costs of each system technology as well as costs per households are also shown in Table 2 . We observe that the average levelized cost of grid-based electrification (US$0.33) is lower than the mini-grid electrification of (US$0.47). However, the cost per household of the mini-grid electrification option (US$1,031) is lower than that of the grid (US$1,190) on the average k . With the aid of the pivot table tool of Microsoft Excel 2010, the demand assumptions were categorized into four household level population sizes. The household bins are defined as follows: 1) 1 to 10,000, 2) 10,001 to 25,000, 3) 25,001 to 50,000, 4) 50,001 to 100,000 and 5) >100,000. Figure 1 shows the base scenario household count by bin categorization. We observe from the graph that mini-grid technology is only viable in areas with populations between 1 and 25,000 households. However, household bins of 25,001 and above are 100% grid recommended. This goes to show that grid technology makes more economic sense in areas of higher/dense population than in sparsely populated areas. Table 3 shows the estimated grid extension for the proposed MV and LV lines needed to connect households in various states in Nigeria. For grid compatible
LGAs, the total MV and LV lines required to connect about 27.8 million proposed grid compatible households currently without access to electricity in Nigeria are 12,341,906 m and 711,954,700 m, respectively. Furthermore, Nigeria requires an average of 0.43 m of MV grid length and 25.01 m of LV grid length to connect various households in each LGA that are grid compatible.
A break-down of the total length of MV and LV gridlines proposed per state from Table 3 shows that Borno state has the highest proposed MV gridline of 883,698 m, while Kano state has the highest proposed LV gridline of 43,242,500 m and Nasarawa state has the highest proposed MV gridline per household of 0.77 m. The three states are in the Northern region of Nigeria. On the other hand, Edo state has the least proposed MV and LV gridlines of 26, 271 m and 2,657,925 m, respectively, while Lagos state has the least proposed MV line per household of 0.11 m. Both states have the highest existing grid coverage in Nigeria which makes them require relatively short lengths of MV lines needed to connect households compared to the North, and Lagos especially is highly populated with a high population density. Both states are in the southern part of Nigeria.
Sensitivity analysis
A sensitivity analysis was carried out to determine how outcomes of the model may vary with changes in the different input parameters. A specific evaluation of how effects of changes in cost of solar panels, diesel fuel cost and household electricity demand affect the results of the model was done. Results of the sensitivity analysis show that outcomes are indeed sensitive to changes in the cost of solar panels, diesel fuel cost and households demand as discussed below.
Effects of reduction in solar panels
A reduction in the cost of solar panels from US$2,000/ kW used in the base scenario to US$500/kW (assuming a drastic crash in the cost of solar panels based on the current decreasing market trend for solar panels) would make grid the least-cost option for about 66% of the population and off-grid the least-cost option for 34% of the population. Total cost (US$34.3 billion) is slightly lower than the base scenario of US$34.5 billion, levelized costs for grid and off-grid systems are US$0.28 and US $0.35, respectively. Table 4 shows that while the total length of proposed LV lines remains the same as in the base case, a proposed length of MV line if solar panel reduces to US$500 is 7,176,921 m. This is lower than the Figure 2 shows the household count by bin type. We observe that for LGAs with households ranging from 1 to 10,000, off-grid technology was recommended as the leastcost option, same for LGAs with population ranging from 10,001 to 25,000, and a part of LGAs with a population range of 25,001 to 50,000 and 50,001 to 100,000. However,
LGAs with population of 100,000 and above all went for grid as the least-cost option. This scenario is slightly different from the base scenario where populations from 50,001 and above all went for grid as the least-cost option. Figure 3 shows the map of Nigeria with the recommended technologies in various states in Nigeria when the cost of solar panels reduces from US$2,000/kW to US$500/kW. It was drawn with the aid of the ArcGIS software 2010 [16] .
Effects of changes in diesel fuel cost
Reducing the pump price of diesel fuel from US$0.96 to US$0.65 in this scenario based on projected improvement in diesel refining capacity in Nigeria and diesel availability at competitive market price when Dangote Group's 400,000 barrels a day refining capacity eventually comes up in 2016, results in a significant shift in the population covered by the diesel mini-grid system. Table 5 shows that for other variables remaining equal, the grid compatible population reduces from 98% in the base scenario to 51% when diesel price alone is reduced to US$0.65, while the minigrid population increases to 49% from 2% in the base scenario. This is due to affordability of the mini-grid system as diesel price which is a major input is reduced drastically, as more LGAs are now able to afford it.
We also observe a reduction in MV line length to 3,450,760 m compared to the base scenario, as well as a lower levelized cost and total initial cost. However, the total recurring cost in this scenario is higher than the base scenario; this may not be unconnected with the purchase of diesel on a regular basis for the mini-grid system.
We observe from Figure 4 that more household bins (0 to 100,000) now use the mini-grid system, as opposed to the base scenario where only household bins from 0 to 25,000 only used mini-grid. It goes to show that affordability of any technology is a major factor in determining the number of households that will embrace a rural electrification technology option. Figure 5 shows the map of Nigeria and recommended technologies when diesel price is reduced. We observe that the red and black dots are now almost evenly spread around the country when compared to the base scenario that had the red dots spread almost in all parts of the country. 
Effects of simultaneous change in solar panels and diesel fuel
From the preceding scenarios, we have seen the effect of a reduction in solar panels alone as well as a reduction in diesel fuel price alone. In this scenario, a simultaneous reduction in solar panels to US$500 and diesel fuel price to US$0.65 results in a fairly balanced allocation of population for each technology option. Under this scenario, 46% of the population would be supplied by the grid as the leastcost option, 24% of the population would be served via mini-grid as the least-cost option, while 30% would be served with off-grid technology option as the least cost. Table 6 shows that the levelized costs for grid and mini-grid are also lower compared to the base scenario, as well as the system total initial cost and recurring cost. The table also shows that while total proposed LV line length remained unchanged, the total proposed MV line length in this scenario is significantly lower than the base scenario from 12,193,060 m to 3,271,686 m. Figure 6 depicts this scenario in a graph. The picture shows a diversified electrification technology base where the lower household bins range of 0 to 25,000 is wholly off-grid, LGAs with population of 25,001 to 50,000 are fairly diversified in terms of technology choice (off-grid, grid and mini-grid), and the upper households have more of grid and mini-grid.
The map of Nigeria in Figure 7 shows the recommended technologies by regions. The off-grid LGAs as seen in the map are more concentrated in the South-West and SouthSouth of the country, while the mini-grid option is more cost effective in the North-West and North-East. The grid system is spread all over the country but with particular presence in the North.
Effects of changes in household demand
An increase in demand from 330 kWh in the base scenario to 400 kWh makes the grid system the least-cost option for about 99% of the population, with the remaining 1% going for diesel mini-grid. Under this scenario, there is no off-grid recommended option due to the increase in household electricity demand. The grid system seems to be more viable for communities with high demand and population compared to sparsely populated areas which traditionally are off-grid compatible.
When household demand increases to 400 kWh, total MV line length increases from 12,193,060 m to 12,662,177 m. The increase is attributed to connection of more LGAs to the grid as compared to the base scenario. On the whole, we observe that while an increase in demand leads to the connection of more LGAs and promotes access, it also increases initial and recurring costs, though not proportionate when compared to the base scenario. Table 7 gives more details. Figure 8 shows that when demand increases, more households become grid compatible, even households between 0 and 10,000 that all went mini-grid or off-grid in other scenarios. Figure 9 depicts this scenario in Nigeria's map. The red dots represent the grid LGAs while the black ones denote the mini-grid LGAs.
On the other hand, when electricity demand reduces from 330 kWh in the base scenario to 250 kwh in this scenario, naturally, less LGAs become grid compatible as observed in the decrease from 98% in the base scenario to 95% in this scenario. Table 8 shows that costs are reduced under this scenario, as well as MV line length. However, the levelized costs under this scenario are higher as seen in Table 8 . Figure 10 shows the map of Nigeria and recommended technologies when demand is reduced from 330 kWh to 250 kWh. Table 9 uses the household as the unit of comparison between the results of our base scenario and case studies of Ghana [17, 18] , Senegal [19, 20] and Kenya [10] . Summary of results from the table reveals that while an estimated 28.5 million households will be electrified in Nigeria, representing the highest, the average number of households electrified from the table is 9.4 million, while Senegal has the least number of 134,500 households electrified. Average total electrification cost for the four countries compared is US$12.2 billion, while the least was US$150 million for Senegal. The variance in costs is attributed to the different time horizons used for various studies, as well as differences in population, household numbers, costs of various technology components and cost of diesel fuel.
Comparison of results with other studies
However, in terms of per household costs, Ghana takes the lead with US$2,082, followed by Kenya at US$1,552, Nigeria with US$1,212 and the lowest being Senegal at 
Conclusions
The Network Planner (NP) model applied in this research is useful in electricity planning by decision makers, especially in the area of investment cost estimates and least-cost technology options required for electrification purposes in Nigeria. Through a blend of demographic data, geographical information, current diesel prices, costs of solar components and so on, it becomes possible to estimate and map the economic potential of different technology options for rural electrification in Nigeria. More so, within a specific planning period, planners can determine with the aid of this model, communities that would become grid, off-grid or mini-grid compatible, either at local or national levels based on available data.
Results from this research shows that by the end of the 17-year planning period (2013 to 2030), 98% of currently un-electrified communities will be viable for grid expansion, while only 2% will be mini-grid compatible. This is based on a proposed MV line extension of 12,193,060 m, LV line length proposal of 711,954,700 m and an estimated total cost of US$34.6 billion investment within the planning period. An estimated 28.5 million households or an equivalent of 125 million people are projected to be provided electricity access by the end of the planning period in 2030. The off-grid technology seems to be unviable given the base scenario parameters and time horizon. It is worthy to note that the projections provided here are based on the best available input datasets, growth projections and demand estimates obtainable in Nigeria. Sensitivity analysis carried out shows that the different input variables have various levels of influence on the total cost and technology options. For instance, a decrease in the cost of solar makes more communities to swing to off-grid compatibility even though the base scenario does not favour an off-grid technology option.
It is also noted that reducing household demand though reduces the overall cost of electrification but does not have too much effect on the number of households that become mini-grid compatible when compared to the drastic influence of other scenarios.
This spatial electricity planning effort using the Network Planner for Nigeria's case is the first attempt in Nigeria to highlight the importance of planning and data management in any electricity access reform. The study suggests how to proceed with rural electrification in Nigeria -to extend the grid or rely on local systems. Despite the model limitations, an attempt is made here to identify such choices at the local government level, which in itself is a very detailed work.
Any serious planning work requires better data, which is not available at present. Greater attention is required to collect and generate relevant information at a disaggregated ward/village levels in Nigeria.
Policy implications -Implications for policymakers
The off-grid technology was not recommended in this study due to its unviability. There is need for policymakers in the country to develop innovative ways of incentivising investments in rural off-grid renewable electricity generation projects. -Implications for NREA This study provides the foundation for the NREA to develop a master-plan There is need for NREA to generate a database through direct surveys to get the real picture of rural electrification in Nigeria by collaborating with other agencies such as the National Bureau of Statistics, National Population Commission and Independent National Electoral Commission Solar should be promoted and integrated into the electrification programme of NREA Electrification projects should be prioritized according to the level of access in each state. -Implications for the Federal Government of Nigeria (FGN). There is the need for the FGN to take the lead in the rural electrification drive of the nation. Funds need to be mobilized from various sources for grid expansion and electricity generation. The creation of an Energy Access Database or Data Management System for electricity network expansion is crucial. Corruption needs to be curbed within the sector.
In conclusion, further research should explore the use of other cheap fuel sources (wind, gas, hydro, etc.) based on availability and comparative advantage. This could have a great impact on costs. Micro-solar for households and finding solutions to sustainable biomass use could also be effectively pursued to bridge the energy access gap in Nigeria. Primary data based on actual household surveys at village and community levels would present more reliable results for electricity planning in Nigeria.
Endnotes a This value is much lower than the IEA value earlier provided for the rural-urban shares. The discrepancy in values may be attributed to a number of factors such as sampling variability, incomplete coverage, reporting errors for individual units, non-response and imputations usually associated with surveys and data collection. However, the IEA data seems to be closer to the reality in Nigeria, and the idea is to provide a picture of the lack of electricity access situation in Nigeria, which can be deduced to be enormous from both sources (NBS and IEA). b Network Planner Version 0.9.7a, created by Sustainable Engineering Lab. Earth Institute, Columbia University, New York. http://networkplanner.modilabs.org/docs/ Accessed 14 January 2015. i The NP model selects the least-cost supply option based on data for specific locations, population size, economy, costs of technologies, etc. Thus, if mini-grid is selected for a particular demand node, which means it is the cheapest to use there, same for grid and off-grid choices. Further, the results show that 98% of households in different locations in Nigeria are grid-compatible, while the remaining 2% are mini-grid compatible, and goes to show the total, average and recurring costs at such levels. Whichever location is selected as mini-grid for instance, then the grid and off-grid costs are definitely higher in such locations, and vice versa. j The levelized costs for the grid and mini-grid are large because of the 17-year planning period used in the modelling. An increase in the planning period from 17 to 30 years to allow more time for cost recovery, thus, reduces the levelized cost for grid supply to $0.20/kWh, and mini-grid to $0.33/kWh. The $0.14 used as the electricity cost per kWh was used to capture costs of generation, transmission and distribution of power to various parts of Nigeria.
k Ibid note 8. l The large bin sizes as used here represent the large rural population data available at the disaggregated level of local government areas in Nigeria.
